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VIEWPOINT

Deciphering Water’s Dielectric

Constant

The combination of two spectroscopic techniques reveals the microscopic mechanisms that
control the behavior of water’s dielectric constant.

by José Teixeira*

ater is an extremely complex liquid, made of

networks of H,O molecules linked by hydro-

gen bonds that continuously form and break.

Most of our knowledge of the liquid comes
from spectroscopic studies—dielectric relaxation, Raman
scattering, infrared absorption, and x-ray or neutron scat-
tering—which use radiation or particles to probe different
aspects of atomic and molecular motions. The combined
information derived from all these techniques may provide
a coherent picture of the liquid’s dynamics, shedding light
on important questions about the nature of water. How
do molecular phenomena, such as vibrations, rotations, dif-
fusion, and the making and breaking of hydrogen bonds
determine the macroscopic properties of water, including
its large dielectric constant? What are the mechanisms by
which the liquid relaxes when energy is deposited into it?
What is the distance over which molecules of water can
“feel” each other—the so-called correlation length?

Now, Arantxa Arbe and her colleagues [1] combine results
from measurements of dielectric relaxation [2] and neutron
scattering to deliver a detailed and unified picture of water
dynamics at room temperature. Through dielectric relax-
ation experiments, the authors characterized the collective
relaxation of electrical dipoles that determines the macro-
scopic dielectric response of water. Thanks to the atomic-
scale sensitivity of neutron scattering measurements, they
were then able to establish a relationship between molecu-
lar dynamics and the dielectric behavior of the liquid.

Measurements of dielectric relaxation [2] are one of the
most widely used means to observe water dynamics. In its
simplest version, the method applies an oscillating electric
field to a capacitor containing the liquid, and measures, as
a function of the field’s frequency, the phase difference be-
tween the current and voltage on the capacitor (see Fig. 1).
From this measurement, one can extract the dielectric re-
sponse of the liquid, which is related to the dynamics of the
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Figure 1: Schemes of dielectric relaxation (left) and neutron
scattering (right) experiments. Arbe et al. [1] combined data of the
two techniques to shed light on the molecular mechanisms that
control the dielectric constant of water. (APS/Carin Cain)

dipoles that were excited by the applied field.

Recently, experiments studied dielectric relaxation in pure
water up to terahertz frequencies [2]. However, since the
wavelength of the electromagnetic field used in this kind
of experiment is of the order of centimeters, the technique
probes the dynamics of the macroscopic dipole moment but
can’t decipher the molecular details underlying the dielectric
behavior.

By contrast, neutrons interact directly with atomic nuclei.
A neutron scattering experiment (see Fig. 1) can measure
both local atomic motions and larger-scale collective dynam-
ics. Neutron scattering determines the so-called dynamic
structure factor, or S(Q,v), as a function of frequency v and
momentum transfer Q, which correspond, respectively, to
the differences of energy and momentum between incoming
and outgoing neutrons. S(Q, v) is a correlation function be-
tween positions occupied by the same or different atoms at
different times. Spatial information on molecular dynamics
can be derived from the Q dependence, while temporal in-
formation can be accessed via the energy dependence.

The ability to selectively probe local and collective contri-
butions to the dynamics stems from the properties of hydro-
gen nuclei. In neutron experiments, scattering by hydrogen
atoms is incoherent—a type of direction-independent scat-
tering that is related to the individual motions of hydrogen
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atoms but not to the liquid’s structure or collective dynam-
ics. Deuterium (D) atoms, on the other hand, generate
predominantly coherent scattering, which derives from col-
lective motions. By comparing experiments on light (H,O)
to heavy water (D,O) one can thus separate local and collec-
tive information.

Studies of liquid water that combine dielectric relaxation
and neutron scattering have previously been carried out,
but they amounted to qualitative observations. Arbe et al.
now provide the first quantitative study using the two tech-
niques. The observables in the two experiments— ¢”(v) in
dielectric relaxation and S(Q,v) in neutron scattering—are
directly related: S(Q,v) can be connected to the dielectric
susceptibility x”(Q,v) = (v/kgT) - S(Q,v), where kg is
the Boltzmann constant and T is the absolute temperature.
X" (Q,v) is the equivalent of ¢ (v), the imaginary part of the
dielectric constant measured in dielectric relaxation.

The main feature of dielectric relaxation measurements is
a peak in €”(v) centered at 20 GHz. This is the well-known
Debye peak, indicating that the collective relaxation of the
macroscopic dipole moment occurs on a time scale of 8.3 ps
(Fig. 2). Arbe and colleagues have now carried out coherent
and incoherent neutron scattering experiments to shed new
light on the molecular origin of this relaxation. The authors
show that the same peak is seen in HyO when the (incoher-
ent) neutron scattering susceptibility is measured at Q = 7
nm~!. The Q dependence of the peak position demonstrates
that dipolar relaxation is linked to molecular diffusion and
gives the length scale of collective dipolar relaxation. The
researchers deduce that the 8.3-ps dynamics is due to the
movement of atoms along relatively large distances (0.34
nm), which are comparable to or slightly larger than inter-
molecular distances.

Similarly to the study of dielectric relaxation [2], the
authors’ neutron scattering experiment also reveals two
smaller peaks in the THz domain, a high-frequency range
hardly accessible by dielectric relaxation. Because their
position doesn’t change with Q, the peaks correspond to lo-
calized motions. The peak at the highest frequency (around
2 THz) is associated with bending of chains of three oxygen
molecules connected by hydrogen bonds (O—O—O0). The
other one, at intermediate frequencies (around 0.15 THz), is
a novel finding of this work. This peak is related to local
processes—motions of hydrogen atoms that take place when
intermolecular bonds break and reform on picosecond time
scales. By separating the contributions of oxygen and hy-
drogen atoms to scattering data, the researchers show that,
on 0.1 to 1 ps time scales, the hydrogen atom moves in a
“cage” with a size of 0.05 nm. Such a size corresponds to an
amplitude of vibration or delocalization of hydrogens much
smaller than the intermolecular distance, which is 0.28 nm
on average.

These results confirm the presence of two dynamic molec-
ular processes in liquid water, which are related to the

8"(\’)

vl Ll ol [ | Lo

xn(v)

104

10 102
v (GHz)

Figure 2: (Top) Dielectric relaxation measurements reveal a
20-GHz peak in the imaginary part of the dielectric constant and
hints of further peaks at higher frequencies. (Bottom) Neutron
scattering data at Q = 7 nm ~! (green) indicate the 20-GHz peak
is due to molecular diffusion. Data at Q = 20 nm ~! (blue) reveal
two high-frequency peaks at 0.15 and 2 THz and suggest they
originate from local motions of hydrogen and oxygen atoms,
respectively. (APS/Carin Cain)

diffusion of molecules and local movements associated with
the making and breaking of hydrogen bonds, respectively.
As the authors pointed out, this picture is similar to that ob-
served in polymers [3] and also theoretically proposed for
liquid water [4], which involves two main types of relax-
ation (called a and ) taking place on different spatial and
temporal scales.

An important aspect of this work is the fact that its conclu-
sions do not rely on heavy simulations or complex computer
models of water but are solely drawn from the experimental
data. The natural continuation of Arbe et al.’s work should
be the study of other temperatures. Since & and § relaxation
processes are expected to be affected very differently by tem-
perature, the temperature dependence will help researchers
separate the molecular dynamics related to each of the pro-
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cesses, which will be key to explaining the unique behavior of the Femtosecond-to-Picosecond Dynamics of Liquid Water,”
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